Impaired ocular blood flow is involved in the pathogenesis of numerous ocular diseases like glaucoma or AMD. The purpose of the present study was to introduce and validate a novel, microscope based, non invasive laser Doppler flowmeter (NILDF) for measurement of blood flow in the choroid. The custom made NI-LDF was compared with a commercial fiber optic based laser Doppler flowmeter (Perimed PF4000). Linearity and stability of the NI-LDF were assessed in a silastic tubing model (i.d. 0.3 mm) at different flow rates (range 0.4 -3 ml/h). In a rabbit model continuous choroidal blood flow measurements were performed with both instruments simultaneously. During blood flow measurements ocular perfusion pressure was changed by manipulations of intraocular pressure via intravitreal saline infusions. The NILDF measurement correlated linearly to intraluminal flow rates in the perfused tubing model (r = 0.99, p<0.05) and remained stable during a 1 hour measurement at a constant flow rate. Rabbit choroidal blood flow measured by the PF4000 and the NI-LDF linearly correlated with each other over the entire measurement range (r = 0.99, y = x* 1,01 -12,35 P.U., p < 0,001). In conclusion, the NI-LDF provides valid, semi quantitative measurements of capillary blood flow in comparison to an established LDF instrument and is suitable for measurements at the posterior pole of the eye.
Introduction
Laser Doppler flowmetry (LDF 1 ) provides a continuous measurement of capillary blood flow. Its validity has been verified in mechanical models and in vivo by comparison with other established methods (e.g. microspheres, hydrogen clearance, Xenon isotope washout, isolated organ perfusion etc.) in many tissues (Kvietys, Shepherd et al. 1985; Smits, Roman et al. 1986; Kastrup, Bulow et al. 1987; Shepherd, Riedel et al. 1987; Neufeld, Galante et al. 1988; Wheatley, Almond et al. 1993; Rival, Bance et al. 1995) . In eye research, Laser Doppler velocimetry was introduced by Charles Riva and coworkers (Tanaka, Riva et al. 1974 ) and subsequently LDF has been successfully established as a validated method to measure blood flow in the choroid, optic nerve head, ciliary body and iris (Kiel and Shepherd 1992; Riva, Cranstoun et al. 1994b; Riva and Petrig 1995; Chamot, Movaffaghy et al. 1999; Reitsamer and Kiel 2003) For the assessment of choroidal blood flow in animal models, many investigators have used LDF instruments with fiber optic based designs and intraocular probe placements in different species. Depending on the size relation between the probe and the eye, this approach could potentially disturb biological parameters relevant to the experiment (e.g. intraocular pressure, inflammatory responses) or introduce unwanted variability in the experimental setup, i.e. the location of the probe might not be controlled precisely and changes in position or the shape and size of a fiber optic probe per se restrict the freedom of choosing a suitable measurement site. While this was not a major concern in the rabbit eye model used by the authors of this manuscript, where the volume of the probe introduced into the vitreous is roughly 0.04% of the total eye volume, it seems plausible, that in a rodent eye (rat: 3.5%, mouse: 11%) the displaced volume is much larger and consequently of more concern to disturb the environment.
Even though non-invasive designs for an LDF instrument have been developed, to our knowledge these instruments are based on the optical setup of a fundus camera (Riva, Cranstoun et al. 1994a) . The optics of a fundus camera is designed for the human eye and precludes its use in some widely used (small) animal models.
Here we present the design and evaluation of a new, non-invasive laser Doppler flowmeter suitable for animal research.
Materials and Supplies
The NI-LDF presented is intended for the use in animal experiments, hence, an appropriate setup for the species under investigation is needed. A detailed description for the use in rabbit experiments is given in section 4.4. As the LDF technique is sensitive to all motion within the measurement site, regardless of its origin, a solid fixation of the animal is necessary. This is typically accomplished by a stereotaxic head holder.
The materials needed for the instrument itself are listed in the next section. A suitable recording setup, typically consisting of a personal computer and an A/D converter, is needed to provide a continuous recording of the measurement signal. The NI-LDF instrument delivers a voltage coded blood flow signal and a voltage coded signal for the CMBC (concentration of moving blood cells) parameter. To visualize the image of the built-in CCD camera, a monitor or frame grabber card for a PC is needed.
Detailed Methods

Laser Doppler Flowmetry
Laser Doppler flowmetry utilizes the frequency broadening of monochromatic light reflected by moving blood cells. The theoretical background as well as the implementation of LDF systems for the measurement of capillary blood flow and their evaluation has been extensively reviewed elsewhere (Shepherd and Öberg 1990; Arildsson, Nilsson et al. 1996) . Hence, only a short overview is given here:
When laser light is directed into a tissue of interest, the light is scattered by the stationary tissue matrix and by moving objects in the blood vessels (mainly red blood cells). Light scattered by the tissue matrix retains its original frequency whereas light scattered by moving blood components is Doppler shifted in proportion to their velocity vectors. Spectral analysis of the power spectrum can determine the average frequency shift as an index of the average velocity of the blood cells and the extent of spectral broadening as an index of the number of moving blood cells generating Doppler events (designated "blood volume" or "concentration of moving blood cells", CMBC, by commercial LDF manufacturers). The product of average velocity times the concentration of moving blood cells is the flux of blood within the sampling volume of the tissue. When the blood cells within the sampling volume primarily move in random fashion (i.e. capillary blood flow), changes in flux correlate linearly with changes in blood flow as assessed with other blood flow measuring techniques. However, this condition is violated in larger vessels, where most of the cells move in the same direction. Hence, large vessels are not suited for valid measurement of blood flow with LDF. It is important to note that LDF does not provide volumetric measurements of blood flow as e.g. ml/min.
NI-LDF System
3.2.1 Optical Setup-An infrared diode laser (811 nm) with integrated collimation optics (Micro Laser Systems, Garden Grove, CA) is used as the light source. The system delivers an output power of 1 mW at the corneal surface; the diameter of the beam at the fundus of the eye is determined by the optical setup and is also dependent on the optical system of the species investigated (approx. 300 µm in the tubing model approx. 150 µm at the rabbit fundus). An avalanche photodiode module (C5331-02, Hamamatsu Photonics, Hamamatsu City, Japan) is used as the detector. The laser and the detector are coupled into the optical paths of an adapted stereoscopic light microscope (SZ11 -STU2, Olympus, Vienna, Austria) using two beam splitters and a series of lenses (Fig. 1) . Two axis positioners are used for correct alignment of the optical path. One eyepiece is removed and replaced by a CCD camera (LDH 0702/20, Philips, Vienna, Austria) sensitive to near infrared light to visualize the site of measurement. The detector output current is fed into an A/D converter (NI DAQ Card 6036E, National Instruments, Salzburg-Bergheim, Austria) and all further processing is done by software.
3.2.2
Software & Signal Analysis-The signal analysis software was developed in the LabView graphical programming environment (version 7.1, National Instruments, SalzburgBergheim, Austria). A complete screenshot of the analysis algorithm is available online as supplementary material. The software allows the visualization of the following parameters: blood flow (flux), concentration of moving blood cells (CMBC), and total backscatter (TB, the amount of light returned to the detector) on the computer screen (Fig 2) . The software also allows the user to input several parameters needed to optimize the calculations for the characteristics of the target tissue (e.g. upper and lower frequency cut-off and the averaging time constant).
The hemodynamic parameters are calculated according to the theory of Bonner and Nossal (Bonner and Nossal 1981) . A more detailed theoretical discussion and validation of the algorithm is published elsewhere (Nilsson, Tenland et al. 1980; Nilsson 1984; Fredriksson, Fors et al. 2007 ). In short, the detector signal is processed by a Fast Fourier Transform (FFT) to obtain the frequency spectrum. To avoid artifacts due to breathing and movement, the default frequency range is set to 30 Hz at the lower end and to 19000 Hz at the higher end to cover the expected RBC speeds. The flow parameter is calculated as the integral of the frequency weighted power spectrum:
Perf denotes the perfusion index, ω the frequency after the FFT, P(ω) the power spectral density of the signal. n Perf (i dc ) denotes the noise of the detector dependent on the direct current component i dc of the signal. The DC portion of the detector signal is proportional to the total backscattered light (TB). (□) indicates the averaged signal with a time constant set by the operator.
The concentration of moving blood cells (CMBC) is calculated as the natural logarithm of the zeroth moment of the power spectral density:
This parameter scales linearly to the moving scatterers only (i.e. if the flow stops, the CMBC parameters becomes zero, even if the blood volume remains unchanged).
Data Analysis and Statistics
All parameters were recorded through a PowerLab digital recording system (AD Instruments, Spechbach, Germany) on a standard PC running Chart 5.5.6 (AD Instruments, Spechbach, Germany).
LDF instruments typically deliver a continuous measurement signal in perfusion units that scales linearly to the blood flow in the target tissue. The assignment of perfusion units for the measurement signal is arbitrary, so we have given all results from the tube model experiments (see section 4.2) as the original voltage output of the instrument, without the subtraction of an offset, as the two instruments have different scales and the aim of the protocol is to assess linearity.
For the in-vivo protocol (section 4.4), the PF 4000 was calibrated according to the manufacturer's instructions. The NI-LDF was zeroed using the same plastic block as in the Perimed procedure, the second point was set to match the mean of rabbit baseline data for PF4000 choroidal blood flow, i.e. to make both scales comparable during the decline of blood flow.
For the tube model experiments, at each set flow rate, the mean of the stable flow signal was calculated. Linear regression analysis was used to describe the averaged data points of the stability protocol and the linearity protocol. The standard error of the estimate (of the flux by linear regression) is given to characterize the fit of the linear model precisely.
In the rabbit model, the flow data were grouped and averaged in 5 mmHg bins for perfusion pressure and the flow values of the bins of both instruments were plotted against each other. Linear regression analysis was used to describe the data.
Unless specified differently, all data are given as mean ± standard error.
Pitfalls and Troubleshooting
Instrument design
LDF instruments can only provide valid measurements if the basic assumptions of the LDF theory are fulfilled (i.e. randomized velocity vectors of moving blood cells). Hence, the experimental setup has to ensure that this is the case.
The presented NI-LDF uses a CCD camera in the optical path of the detector that allows direct visual inspection and recording of the measurement site. This makes it possible to avoid large vessels within the sampling area, which would result in invalid measurements of blood flow. Since the procedure is not invasive, the NI-LDF measurement site can be changed without disturbing the experimental setup or causing further trauma to the tissue. The non-invasive design also makes it possible to make measurements in small animals (e.g. mouse and rat). The eyes of these animals have diameters between 3 and 6 mm and typical fiber optic probes would cause major trauma if placed inside such small eyes. The large rodent lens also precludes measurements with fiber optic probes of certain areas of interest (e.g. the optic nerve head) that are possible with the NI-LDF. While the instrument design per se enables studies in small animals, the species-dependent existence of a retinal circulation has to be taken into account in the interpretation of such experiments. Further studies are needed to validate the origin of the measurement signal in species with full retinal circulation.
A possible drawback of the current NI-LDF optics is the need for a cover slip to eliminate the refractive power of the cornea, as this might change the oxygen gradients in the anterior chamber (Reitsamer and Kiel 2007 ). Since we measured choroidal blood flow and since the choroid is the main source of oxygen for the posterior pole of the eye and has a low arteriovenous oxygen gradient (Alm and Bill 1972a; Alm and Bill 1972b) , this factor is unlikely to interfere with measurements at the posterior pole of the eye.
Stability of the Measurement Signal
The LDF application is extremely sensitive to frequency changes of the light source as well as to its coherence length (Oberg 1990) . Both can create artifacts in the measurement signal and have to be excluded before an LDF instrument can deliver reliable measurements.
We used a tubing model to check the stability (and linearity in the next chapter) and to compare the NI-LDF to a validated commercially available LDF instrument (Periflux 4000, Perimed, Uppsala, Sweden).
Our tube model is similar to that previously used by Nilsson et al. (Nilsson, Tenland et al. 1980; Nilsson 1984; Arildsson, Wardell et al. 1996) . Two tubes (Silastic 508-001, i.d. 0.3 mm, o.d. 0.6 mm, Cole Parmer, Vernon Hills, IL) were mounted on a plate on top of each other using superglue (see Fig. 1 ) and perfused in opposite directions with diluted whole milk (1:2) using a syringe pump (sp100i, World Precision Instruments Germany, Berlin, Germany). The wall of the tubing provides a layer of static scattering matrix for the incident laser beam, in order to fulfill the basic assumptions of the theory of Bonner and Nossal, while the milk particles serve as moving objects. The PF4000 system uses glass fiber optic probes and provides 2 different laser wavelengths (632.8 nm and 780 nm). The near infrared (780 nm) laser and probe No. 411 with a fiber separation of 150 µm were used in the present experiments. Both instruments were directed perpendicular to the streaming milk in the tubing at the same time.
Stability protocol-
The first goal of the stability protocol was to verify that the used diode laser is suitable for the application and does not generate relevant mode hopping. The second goal was to determine the signal-to-noise ratio of the measurement. To assess the stability of the signal the flow in the tube model was measured continuously at a flow rate of 0.3 ml/h for 1 hour. All measurements were made after a warm-up time of 30 minutes.
Instrument stability validation-
The stability protocol resulted in a stable signal over 1 hour (Fig. 3) . The linear coefficient (slope) of the regression line was 8.06 * 10 −6 (p < 0,001). The slope of the regression line is less than 10 −5 , indicating no relevant drift over 1 h. The variation coefficient (normalized standard deviation) is 3,5 %. This also indicates a stable signal and is within the range of previous reports from similar studies (Obeid 1993) .
Linearity of the Measurements
The instrument has to react linear to changes in blood flow in the tissue of interest in order to provide valid measurements. We used the same tubing model as in section 4.2 for the evaluation.
Linearity protocol-
The goal of this protocol was to assess the relationship between the LDF signal and the flow rate of milk.
Step increases of flow rates in the tube model were performed (Fig. 4 & Fig. 5, left panel) , resulting in velocities that were previously reported for erythrocytes in the choriocapillary layer of monkeys, rabbits and rats (1 to 2 mm/s on average; (Braun, Dewhirst et al. 1997; Wajer, Taomoto et al. 2000; Flower, Peiretti et al. 2008) ). Figure 4 shows an experimental tracing of the linearity protocol for the PF4000 in the left panel and the Flow value, CMBC and TB plotted against the flow setting at the syringe pump in the right panel. The relationship between the preset flow and the PF4000 flow parameter were well fit by linear regression (y= 3308 *x + 0.3, r=0.99), the standard error of the estimate was 0.076 (approx. 3% of the total signal range). Figure 5 shows a tracing for the same linearity protocol for the NI-LDF in the left panel, and the corresponding Flow, CMBC and TB values in the right panel. The flow data were well fit by linear regression (y = 2.569 *x + 1.06, p<0,001, r = 0.99), the standard error of the estimate was 0.039 (approx. 1.5 % of the total signal range).
Instrument linearity validation-
Since the first description of LDF to measure capillary blood flow by Stern, various algorithms have been proposed to calculate perfusion parameters (Stern 1975; Watkins and Holloway 1978; Bonner and Nossal 1981) . Based on the theory of Bonner and Nossal the calculation of the flux as well as the average velocity proved to give valid measurements when compared to other methods in vivo as well as in bench tests (Shepherd and Öberg 1990) . However, in previous studies the tube models used different tube diameter which has an important impact on the measurements. Under the assumption of constant and laminar flow, the cross sectional flow profile inside the tube exhibits its highest velocities in the middle of the tube, decreasing towards the periphery. Also the cross sectional velocity profile depends on the average velocity of the fluid within the tubing. Therefore, the validity of measurements depends crucially on the full coverage of the tube by the sampling volume of the LDF instrument. Moreover, with respect to a certain sampling bandwidth, the same bandwidth delivers linear measurements for a 5-fold velocity range if the tube diameter was increased 10 fold (280 µm to 3 mm) which has been shown elsewhere (Obeid 1993) . As the exact measurement volume can only be estimated, this effect cannot be controlled for exactly. In order to minimize the error, the tube diameter in our model was chosen in a way that provided coverage of the full diameter by the laser, which was confirmed under visual control.
Suitability for in-vivo measurements
For the in vivo validation of the NI-LDF, an established animal model (rabbit) was used to measure mean arterial pressure (MAP), intraocular pressure (IOP), choroidal blood flow (ChorBF) and heart rate simultaneously (Reitsamer and Kiel 2002a; Reitsamer and Kiel 2002b; Reitsamer, Bogner et al. 2009 ). The Periflux 4000 (PF4000) was used as comparison with the red laser and probe No. 403 (fiber separation 250 µm), as previously published for this rabbit model (Reitsamer and Kiel 2002b) .
The ocular perfusion pressure and thereby choroidal blood flow were changed by a continuous increase of intraocular pressure through saline infusion.
4.4.1 Animal preparation-All animal protocols were performed according to the EC Directive 86/609/EEC for animal experiments and were approved by the governmental animal experiments committee. New Zealand albino rabbits (n = 5, 2-3 kg; both sexes) were housed for 1 to 3 days in the vivarium with access to food and water ad libitum. The animals were anesthetized with pentobarbital sodium (30 mg/kg, intravenously, supplemented as needed) and paralyzed with gallamine triethiodide (1 mg/kg) to eliminate eye movement. The animals were intubated through a tracheotomy and ventilated with room air. Expired PCO2 was monitored (SurgiVet V9004 Capnograph, Smith Medical, Brunn am Gebirge, Austria) and maintained at 40 to 45 mm Hg. A heating pad was used to maintain normal body temperature (38 -39°C). All intravenous injections were given through cannulas placed in the marginal ear veins. The right eye was used in all experiments. To estimate the ocular arterial pressure (MAP) and ensure the adequacy of anesthesia, a catheter was inserted into the right ear artery and connected to a pressure transducer positioned at the same height above the heart as the eye. After the initial surgical preparation, the animals were mounted in a stereotaxic head holder, and the right eye was cannulated with a 23-gauge needle inserted into the vitreous cavity through the pars plana to measure the IOP with a pressure transducer. The eye was anesthetized topically with lidocaine before cannulation and care was taken not to disturb the cornea and anterior chamber.
4.4.
2 Choroidal blood flow measurement-Choroidal blood flow was assessed by both instruments simultaneously at different measurement sites in the inferior choroid. As the peripheral retina (off the visual streak) in rabbits is supplied solely by the choroid, there is no influence of the retinal circulation to the blood flow signal. To eliminate the refractive power of the cornea for the measurement of choroidal blood flow by the NI-LDF, a cover slip was gently placed on the cornea on top of a liquid gel cushion. Choroidal PF4000 blood flow measurements were performed with the fiber-optic probe inserted through the pars plana with a micromanipulator so that the tip of the probe was positioned in the vitreous, close to the retinal surface over the posterior pole as described previously (Kiel and Shepherd 1992; Reitsamer and Kiel 2002b) .
IOP protocol (n=5)-
To manipulate the IOP, a second cannula was inserted in the vitreous. With the aid of a syringe pump (sp100i, World Precision Instruments Germany, Berlin, Germany), saline was infused at a rate of 60 µl/min until blood flow in the choroid ceased ( Figure 6 , left panel). To return to normal IOP, the additional volume was withdrawn by manual operation of the syringe pump (fast backward).
Instrument in-vivo validation-
The baseline values for the MAP, IOP and heart rate were 73,26 ± 2,27 mmHg, 13,85 ± 1,17 mmHg and 194,59 ± 6,10 min −1 , respectively. Figure 6 -right panel shows the correlation of both instruments resulting from the IOP protocol. The correlation can be fitted by a linear regression line (y=1,01*x -12,35 P.U., p<0,001), the standard error of the estimate was 17,54 P.U. (2 % of the total range). The two instruments were directed at different measurement spots and utilize different laser wavelengths and are expected to have slightly different sampling volumes (Obeid, Dougherty et al. 1990 ). These facts might account for the slight difference in the choroidal flow tracings in Figure 6 , left panel. As the absolute size of the sampling volume in the choroid of albino rabbits is not known, any estimation of the effect of different sampling volumes remains speculative. However, since choroidal blood flow goes to zero when IOP is elevated beyond MAP, it seems reasonable to assume that the LDF flux signal originates from blood flow within the eye only and does not include signals from vessels that are not under the control of intraocular perfusion pressure. It is important to note that these considerations are valid for measurements in rabbit eyes, which lack a full retinal circulation. Further studies are needed to validate the origin of the signal in species having a full retinal circulation.
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• A novel, non-invasive Laser Doppler Flowmeter for animal research is presented
• In an in vitro model, it correlates linearly to different flow rates
• In an animal model, it correlates well to a probe-based Laser Doppler instrument
• The instrument enables non-invasive measurements of choroidal blood flow The measured flux (NI-LDF) in the tube model during stable flow conditions over 1 hour (0.3 ml/h). The regression line of the data (white dashed line) has a slope of 8.06 * 10 −6 . The coefficient of variation is 3,5 % of the flux value. Note that the offset was not subtracted. 
